Removal of chemical warfare agents (CWAs), which are deadly poisonous chemicals which bind to the neurotransmitter acetylcholine esterase or form painful blisters in the exposed parts of the body, affecting the nervous system of humans and other living beings, is a primary concern in every aspect.
Introduction
The recent threat of terrorist attacks with toxic chemical warfare agents (CWAs) drives the research for designing new materials to remove them under ambient conditions. Among all the classes of chemical weapons, sulfur mustard and nerve agents are the most common.
1,2 Sulfur mustard, also known as mustard gas or HD is a notorious blistering agent that was used in World War I. Nerve agents are organophosphorus compounds containing P-X bonds (X ¼ F, CN, SR, etc.), that inhibit the key enzyme acetylcholine esterase involved in neuronal signaling. Despite the international ban on their use, sulfur mustard gas or nerve agents are still a chemical weapon of choice in modern warfare. It is vital to develop methods or materials to detoxify or remove the chemical warfare agents.
3,4
Sulfur mustard can be detoxied by dehydrohalogenation, hydrolysis or oxidation. Dehydrohalogenation and hydrolysis suffer difficulties due to slow kinetics, the low solubility of sulfur mustard in water and the formation of toxic products. The oxidation process needs particular attention because excess oxidation of sulfoxide produces another blistering agent, sulfone. The detoxication of nerve agents by hydrolysis produces less toxic chemical products, but the rate is very low. Regarding real life application, adsorption technique outweighs all other methods due to simplicity and efficiency. Adsorption of the CWA simulants and/or the products formed aer hydrolysis or oxidation demands high attention.
Metal complexes, heterogeneous catalysts, and nanomaterials have been shown to use in detecting 5-9 and detoxifying 10-25 the chemical warfare agents. However, in most of these cases, the material is not stable in water and the activity is irreversibly inhibited by the reaction products. 26 In this context, water-stable thermally robust metal-organic frameworks (MOFs) are promising candidates for the detoxication or removal of CWAs.
27-29 Several factors like the high surface area and specic active adsorption sites of MOFs are playing roles together for the efficient adsorption of CWAs. It shows that Zr IVcontaining MOFs could detoxify the CWAs either through hydrolysis or by partial oxidation.
30-35,38-40
Due to the high level of toxicity of the life-threatening chemical warfare agents, simulants which structurally resemble CWAs but less malignant are in common use for the laboratory studies. 2-CEES is the simulant of sulfur mustard gas and DMMP is the simulant of sarin (Fig. 1 ). 2-CEES is partly soluble in water but will hydrolyze to give a variety of products, most of them are toxic in nature. [36] [37] [38] DMMP is completely soluble in water.
Among several methods to remove toxic chemicals, adsorptive removal is signicant, due to its simple operation and cost effectiveness. 34, [41] [42] [43] [44] [45] [46] [47] [48] [49] There are few reports where MOFs are used for this purpose, but the mechanism of these types of adsorption processes is still ambiguous. In the present work, we have used Zr-based MOFs (NU-1000 and UiO-67) for the efficient adsorption and removal of CWA simulants, (or namely) 2-CEES and DMMP from the aqueous medium. Adsorption capacities of CWA simulants were very high, which may be due to the large surface area and the presence of plenty of Zr-OH groups in the nodes of these MOFs. We have studied the kinetics of the adsorption process using ICP-AES data. The data show that it follows the pseudo-second-order model and the interactions between adsorbates and adsorbents are chemical in nature. DRIFT spectral data support the evidence of chemical interactions. We assumed that the rate determining step would be the valence forces through the sharing or exchange of electrons between adsorbates and adsorbents. We have correlated this adsorption behavior with the corresponding crystal structures.
Materials and methods
All the chemicals were purchased from Sigma-Aldrich and used as such. The reported solvothermal methods demonstrate the synthesis of NU-1000, and UiO-67. [50] [51] [52] Acid treatment of the corresponding MOFs has been carried out before the vacuum activation. The NU-1000 MOF is activated overnight under dynamic vacuum at 120 C until it reaches a vacuum level of #0.002 mmHg min À1 , as reported in the literature. UiO-67 is activated at 100 C under vacuum for 24 h. Activated MOFs were kept in a desiccator before the adsorption studies.
ICP-AES study
The stock solutions of CWA simulants were prepared by dissolving calculated amounts of 2-CEES and DMMP in de-ionized water. One mL of the stock solution has been added to two series of different vials with 3 mg of NU-1000 and UiO-67 respectively. All the vials were kept for shaking just aer the addition of simulant solutions to the MOFs without any time delay. At different time intervals -from 15 min to 8.5 h -each vial was taken, centrifuged and 500 mL of the supernatant is collected and diluted with 4.5 mL of de-ionized water. The diluted supernatant is examined for the concentration of the element sulfur in 2-CEES solution, phosphorus in DMMP solution and zirconium in both by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). 500 mL of the stock solution is diluted with 4.5 mL of de-ionized water and studied as standard. Control experiments were also done for both the cases without using MOFs.
Recyclability
We have studied the process of adsorption using ICP-AES by measuring the concentration of sulfur and phosphorus in the supernatant during adsorption process in the case of 2-CEES and DMMP, respectively, and compared it with the element concentrations in the standard solution (Table S1 †) . Aer the adsorption studies, the MOFs have been washed with water and acetone, three times each. NU-1000 was found to be stable, hence used for further adsorption studies (Table S2 †) . But UiO-67 has found degraded aer washing ( Fig. S9 & S10 †). It was clear that UiO-67 was stable during the process of adsorption since no zirconium has leached out from the MOF structure as per the ICP-AES result, but is losing its crystallinity only during the washing process (Table S1 †).
P and 1 H NMR
1 H NMR study was performed for 2-CEES and 31 P NMR for DMMP. In the case of 2-CEES, the complexity of the spectrumwhich was entirely different from the 1 H NMR spectrum of 2-CEES in chloroform -shows the formation of some hydrolysis products(C) which are difficult to distinguish. The intensity of some product peaks is found to vary up and down aer 30 minutes. Aer one hour of contact between the CWA simulant solutions and the MOFs, the intensity of every peak started decreasing. So it was evident that the 2-CEES and/or the hydrolysis products started adsorbing onto the MOFs ( Fig. S1 and S2 †).
In the case of DMMP, we could not nd any new peaks for the suspected hydrolysis and/or oxidation products in both the cases. But the intensity of the 31 P peak was observed to decrease with time which shows the diminishing concentration of DMMP in water with time and hence the adsorptive removal of the same by the MOFs (Fig. S3 †) .
Results and discussion
Characterization of NU-1000 and UiO-67
The reported procedures were adopted to synthesize the MOFs. The purity of the samples was conrmed by the PXRD data (Fig. S4 †) . SEM images reveal the discrete particles of both the MOFs where NU-1000, which has a size in micrometer scale and UiO-67 are found to be uniform in shape and size (Fig. S5 †) . The surface areas have been measured using N 2 adsorption study which gave similar results as reported in the literature (Fig. S6 †) . NU-1000 has wide mesoporous channels (31Å), and UiO-67 has octahedral (16Å) and tetrahedral (14Å) cages. TGA data show that framework of both NU-1000 and UiO-67 are exceptionally stable up to 500 C (Fig. S7 †) .
Structural description
NU-1000 is built up of eight connected Zr 6 (m 3 -O) 4 (m 3 -OH) 4 (H 2 -O) 4 (OH) 4 nodes and tetra topic 1,3,6,8(p-benzoate)pyrene (Fig. S8 †) . Both NU-1000 and UiO-67 contain free and bridging OH and H 2 O groups which may be responsible for the interactions with the adsorbates.
SEM-EDX study
SEM-EDX was carried out before and aer adsorption studies (sample recovered aer washing) and results show that phosphorus and sulfur were adsorbed and it can be easily removed aer washing (Fig. S11-S14 †) .
DRIFT spectroscopic study
The DRIFT-IR spectra of the MOFs NU-1000 and UiO-67 have been collected aer centrifuging it from the CWA simulant solutions (Fig. 2) . When 2-CEES was adsorbed on NU-1000, a new peak has been observed at 1661 cm À1 which may have formed due to the interaction between the sulfur group of 2-CEES and the zirconium nodes of the MOF (Fig. 2a) (Fig. 2d) .
Adsorption study monitored by ICP-AES data
From the ICP-AES results it is evident that the NU-1000 is better compared to UiO-67 and we have used the data for kinetic modeling for the same (Table S1 †) . Control experiments without the MOFs were also carried out, and it showed negligible change in concentration of the microelements (Table S1 †). The sorption percentage (E) and sorption capacity (q) of the simulants were dened by the equations
where, C and C eq. are the concentrations of the adsorbates in the aqueous solution in ppm at the initial time and equilibrium respectively, m is the mass of the adsorbent in kg and v is the volume of adsorbate solution used for the studies in mL. ) by NU-1000 and UiO-67, respectively.
Sorption kinetics
The rate of adsorption of 2-CEES and/or the hydrolysis products(C) on NU-1000 is studied with an initial concentration of 9.879 mmol L À1 of the simulant (Fig. S16 †) . Initially, adsorption took place very fast and reached equilibrium at around 210 min, and aer that, there was no much change in the concentration of simulant. The initial rapid removal of 2-CEES and/or C could be due to the availability of plenty of vacant active sites in the MOF structure, where 2-CEES and/or C may be adsorbed. Aer that, the availability of vacant sites was less due to the partial blockage by the captured 2-CEES and/or C molecules, resulting in a gradual decrease in adsorption. The amount of 2-CEES and/or C adsorbed on the MOF as a function of time were simulated using a pseudo-rst order model and pseudo-second order model (Fig. S17 & S18 †) .
Pseudo-rst order equation is given by 
where q e and q t are the amounts of 2-CEES and/or C adsorbed by NU-1000 at equilibrium and at the time, t, respectively. k 1 is the pseudo-rst order rate constant (min À1 ). On plotting log(q e À q t ) with respect to time (t) gives a straight line and its slope gives the value of k 1 .
For the pseudo-second order model, the equation used is Pseudo-second order model with the correlation coefficient equal to 0.9973 is more appropriate in explaining the process of adsorption of 2-CEES and/or C on NU-1000. The value of q e , 4.32 mmol g À1 also agrees with the experimental value of 4.197 mmol g
À1
. Better tting was done with pseudo-secondorder model by assuming that the rate determining step would be the valence forces through sharing or exchange of electrons between adsorbate and adsorbent. 54 Moreover, the adsorption with chelating ligands mostly follows pseudosecond-order kinetics. 55 Here the mesoporous structure and the functional groups on NU-1000 make it act as a chelating agent thereby following the pseudo-second-order kinetics. Since adsorption follows pseudo-second-order model, the force of attraction is assumed to be chemical in nature.
52,53
The nature of interaction can be clearly explained by considering the porous nature of the MOF. At rst, there exist some active sites which attract the 2-CEES and/or C molecules in the solution. Aer a monomolecular layer is formed, the other 2-CEES and/or C molecules present in the solution pushes the already adsorbed molecules to the interior of the framework since it is sufficiently porous. There are two types of interactions in the case of 2-CEES adsorbed onto NU-1000, the weak polar interaction of S 2À with the Zr 4+ ions in the metal nodes, which could be considered as a weak physical force of attraction.
43
Then, the hydrogen bond between the hydroxyl groups in the metal nodes and the elements, chlorine and sulfur of 2-CEES and/or C which may be responsible for intra-particle diffusion and further binding of the adsorbate. [43] [44] [45] [56] [57] [58] [59] [60] The carboxylic group of the TBAPy ligand also adds to the strength of hydrogen bonding. Hence, the result of the various interactions between the 2-CEES and/or C and NU-1000 act as a strong chemical bond. The DRIFTS data evidence these interactions.
To know the effect of intra-particle diffusion in the overall sorption process, we have tted the data with intra-particle diffusion model (Webber and Morris model).
where k id is the intra-particle diffusion constant. A graph between q t vs. t 1/2 gives a straight line which gives the value of k id . Plots of q t vs. t (Fig. S19 †) can be divided into two linear segments, indicating that diffusion process proceeds via two steps. The initial portion represents the boundary layer diffusion ascribed to the external mass transfer of the adsorbate from the bulk solution to the outer surface of the MOF. The second phase is controlled by intraparticle diffusion of 2-CEES throughout the open cavities of NU-1000 (Table 1) .
34
Kinetic parameters of adsorption of DMMP by NU-1000 are given in Table 2 . In this case also pseudo-second order kinetics is followed with the value of R 2 as 0.999. It shows that the interactions between DMMP and NU-1000 are also chemical in nature, which was proved by DRIFT spectral data. Weber-Morris model or the intra-particle diffusion model has been tried which is found to be agreeing with the experimental data ( Fig. S20-S23 †) . Few research groups are working on the detoxication of the chemical warfare agents using MOFs. Among those, Hupp and coworkers have noted contribution in this area. Recently they have identied new Zr IV -containing MOFs, which can rapidly capture simulants of organophosphorus nerve agents, mustard Table 1 Kinetic parameters of pseudo-first-order, pseudo-second-order and Weber-Morris models for the adsorption of 2-CEES and/or C on NU-1000
Pseudo-rst-order Pseudo-second-order Intraparticle diffusion model Table 2 Kinetic parameters of pseudo-first-order, pseudo-second-order and Weber-Morris models for DMMP on NU-1000 (
Pseudo-rst-order Pseudo-second-order Intraparticle diffusion model 14 They also integrated this into self-detoxifying protective fabrics which combine air permeation and self-detoxifying properties. Gu and coworkers recently have shown that Zr-based MOF can be used for efficient adsorption and enhanced removal of organophosphorus pesticides. 34 Most of these cases MOFs have been utilized for the hydrolytic cleavage of the toxic CWAs. Report on adsorptive removal and their kinetic study is very rare. 34 Here we have shown these two MOFs can be used for the adsorption of 2-CEES and DMMP from aqueous medium efficiently and NU-1000 can be recycled. Detailed kinetics study has demonstrated the interactions between the MOFs, and CWAs are chemical in nature and follow the pseudo-second-order model.
Conclusions
In conclusion, the zirconium-based metal-organic frameworks NU-1000 and UiO-67 are successfully used for the adsorptive removal of the chemical warfare agent simulants 2-CEES and/or its hydrolysis products and DMMP from the aqueous medium. NU-1000 is showing outstanding performance in the case of both efficiency and reusability for the adsorption of the simulants from the aqueous medium. This MOF exhibits adsorptive capacities in the order of, 4.197 and 1.70 mmol g À1 for 2-CEES and/or C and DMMP, respectively. NU-1000 is recyclable up to 3 cycles. We have compared these results with UiO-67, and the results are showing that it can also adsorb 2-CEES and DMMP (4.000 and 0.90 mmol g
À1
, respectively), but less efficiently than NU-1000. The adsorption kinetics of the simulants by NU-1000 is studied by exploiting the timely adsorption data from ICP-AES measurements. It is found that the adsorption follows pseudo-second-order kinetics in both the cases and hence gives the evidence of chemical interactions between the NU-1000 and the CWA simulants. The DRIFT spectral data supported the existence of chemical interactions. These chemical interactions might be due to the hydrogen bond between the thioether and chloro groups of 2-CEES with the Zr-OH groups at the nodes of the MOFs. The affinity of the zirconium nodes for the phosphate groups may be responsible for DMMP to bind to the MOF structure strongly. This structureproperty correlation may nd a new direction to design the efficient adsorbents for the effective removal of toxic chemicals.
